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Abstract: Thin-film electrolyte made of 8-mol% yttria stabilized zirconia (8YSZ) for solid oxide
fuel cells (SOFCs) was fabricated on anode substrates using reactive magnetron sputtering of Zr-Y
targets in a mixture of Ar and O2 gases. The deposition of 4–6 µm thin-film electrolyte was in the
transition or oxide modes differing by the oxygen concentration in the sputtering atmosphere. The
half-cell bending of the anode-supported SOFCs was measured to determine the residual stresses
in the electrolyte films after the deposition and thermal annealing in air. The dependences were
studied between the deposition modes, residual stresses in the films, and the SOFC performance. At
800 ◦C, the maximum power density of SOFCs ranged between 0.58 and 1.2 W/cm2 depending on
the electrolyte deposition mode. Scanning electron microscopy was carried out to investigate the
surface morphology and structure of the YSZ electrolyte films after thermal annealing. Additionally,
an X-ray diffraction analysis of the YSZ electrolyte films was conducted for the synchrotron radiation
beam during thermal annealing at different temperatures up to 1300 ◦C. It was found that certain
deposition modes provide the formation of the YSZ electrolyte films with acceptable residual stresses
(<1 GPa) at room temperature, including films deposited on large area anodes (100 × 100 mm2).

Keywords: solid oxide fuel cell; yttria-stabilized zirconia; electrolyte; residual stress; high
temperature annealing

1. Introduction

Anode-supported planar solid oxide fuel cells (SOFCs) are one of the most widespread
types of fuel cells because they are suitable for operations at lower temperatures (below
800 ◦C) [1] due to ohmic resistance of thin (10 µm) film electrolyte substantially lower than
that of electrolyte-supported cells [2,3].

The manufacture of planar SOFCs is problematic in gaining mechanically stable struc-
tures since thin-film electrolyte fractures under moderate loads. Hence, the improvement
of mechanical properties of solid oxide fuel cells is very important in their production.
Information offered in the literature shows that residual stresses mainly occur in the elec-
trolyte layer. Conventionally, anodes are fabricated from nickel oxide/yttria-stabilized
zirconia composite, while yttria-stabilized zirconia (YSZ) is used as an electrolyte. Since
SOFC stack components are rigidly joined to ensure a reliable contact between the cells
and interconnects, the residual stresses can contribute to component damage, thereby
decreasing the operation lifetime and efficiency of SOFCs [4].

Residual stresses can be caused by the difference in the thermal-expansion coefficient
of the SOFC layers [5] or an NiO redox behavior in the anode layer [6]. The anode-
supported SOFCs (ASCs) are generally fabricated by co-firing the thin-film electrolyte on
the anode substrate at 1400–1500 ◦C [7]. At room temperature, high residual stresses in
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SOFCs produced by co-firing are mainly caused by the difference in the thermal expansion
coefficient [8]. The formation mechanism of residual stresses in co-fired SOFCs has been
studied rather well in [7,9,10]. According to these data, the typical values of residual
compressive stresses in the electrolyte film for SOFCs vary between 500 and 650 MPa at
room temperature. In the electrolyte film, 10 µm thick deposited onto a 0.5 mm thick
oxidized anode substrate, the stress level at room temperature is about −600 MPa, while
after the temperature raises up to 800 ◦C, the stresses reduce to −100 MPa [11].

Residual stresses in the magnetron sputtered YSZ film on the SOFC anode remain
largely unexplored. This is because information about the reactive magnetron sputter-
ing of YSZ thin films large area anodes (100 × 100 mm2 and larger) has appeared only
recently [12,13]. In manufacturing non-stacked SOFCs of a 50 × 50 mm2 area and smaller,
residual stresses and, consequently, cell bending is not so relevant problem. The latter
occurs in commercial-grade SOFC manufacture, that is used for stacking and their planarity
must meet the high standards.

The magnetron sputtered YSZ electrolyte films were studied in [14–18] and in the
state-of-the-art paper [19]. It was shown that the microstructure, phase composition, and
other parameters of the YSZ electrolyte films depended on the magnetron sputtering modes,
electric supply parameters (RF, DC, pulsed DC), working pressure, substrate temperature,
substrate bias voltage, and post-annealing treatment. However, the influence of these
parameters on the residual stresses in the YSZ electrolyte films was not investigated.

The residual stress in the magnetron sputtered YSZ electrolyte films can be both
intrinsic and thermal. The former is caused by ion, neutral atom fluxes, while the latter
results from the difference in the thermal expansion coefficient of the YSZ film and substrate
in the case of the higher-temperature film deposition.

Such defects as interstitial atoms, vacancies, dislocations contribute much to the in-
trinsic stresses in sputter-deposited thin electrolyte films [20]. For example, in TiN films
produced by high-power impulse magnetron sputtering, residual compressive stresses are
about 10 GPa [21]. According to D’Heurle and Harper [20], one of the main mechanisms
of stress formation in thin films deposited by high-energy particles is atomic or ion peen-
ing [22]. After a collision with the growing film, some of the adatoms penetrate its surface,
in the sites of the crystal lattice. This leads to lattice distortion and excess film compaction.
The resulting compressive stresses in the film are proportional to its molar volume and
elastic modulus [23].

Residual stresses can be effectively reduced by high-temperature annealing, which is
often used in practice [24]. Even though the high-quality YSZ electrolyte films are deposited
at room temperature, their successive thermal processing increases their ion conductivity
due to the improved crystallinity and density [25–27].

In this work, we investigate the variation of residual stresses in 4–6 µm thick-film
electrolytes after reactive magnetron sputtering and thermal annealing in air. Reactive
magnetron sputtering of thin electrolyte films has been intensively investigated since
around 1980. Metal target sputtering in a reactive gas (oxygen) facilitates the formation
of oxide films [28]. This method makes it possible to obtain sufficiently dense electrolytes
possessing good adhesion. The target surface sputtering in a mixture of Ar and O2 gases
is the main formation mechanism of sputter-deposited particle fluxes. Depending on the
oxygen concentration in the vacuum chamber, the deposition process can be performed in
three modes, namely metallic, transition, and oxide [29]. Threshold values of deposition
modes determined by the oxygen concentration depend on the sputtered material, vacuum
chamber size [30] and pumping speed [31], magnetron configuration (cylindrical or pla-
nar) [32], target size [33], power supply, target wear, and other parameters. The metallic
mode implies the metal atom sputtering by argon ions at the highest deposition rate. In the
transition mode, the target surface is partially covered with an oxide layer, whose thickness
is uncontrollable. The instability of the deposition process parameters results in a bad
reproducibility if not to adopt such special measures as a closed-loop control system with
an optical emission spectrometer [34]. The transition mode provides the film electrolyte



Membranes 2022, 12, 346 3 of 14

sputtering with oxygen deficiency. In the oxide mode, the target surface is almost com-
pletely coated with the oxide layer leading to a drastic decrease in the electrolyte deposition
rate. The film is deposited with the oxide content approaching stoichiometry. In practice,
all three modes are used. Each mode has its own strengths and weaknesses depending on
the purpose and requirements for the coating properties. In this work, we compare the YSZ
electrolyte films obtained in the transition and oxide modes at different deposition rates
and oxygen concentrations.

Half-cell bending after the electrolyte deposition can cause problems during the
cathode screen printing or stack assembly. The aim of this work is to analyze the residual
stresses in magnetron sputtered thin-film electrolytes, minimize the residual stresses and
half-cell bending.

2. Materials and Methods

The anode substrates 100 × 20 mm2 in size were prepared by laser cutting from
100 × 100 mm2 commercial anodes 700 µm thick (Kceracell Co., Chungcheongnam-Do,
Korea). The electrolyte deposition process was described in [13]. It was a rather slow
process, which provided a precise control for the electrolyte layer thickness and allowed
fabricating very dense electrolyte films for SOFCs. The anode substrates were installed on a
rotating table, in front of the dual planar magnetrons, as illustrated in Figure 1. Sputtering
of 99.5% purity Zr-Y targets (Girmet, Moscow, Russia) 100 × 300 mm2 in size was conducted
in a mixture and Ar and O2 gases. The Zr/Y ratio was 85:15 at.%. The distance between the
targets and substrates was ~90 mm. The vacuum chamber was evacuated with a diffusion
pump down to a residual pressure of 0.01–0.03 Pa. The substrates were then heated to
450 ◦C, which was maintained during the YSZ electrolyte film deposition. For better film
adhesion, the substrates were treated by Ar ions generated by the ion source with the anode
layer. During the YSZ film deposition, the total pressure in the chamber was 0.2 or 0.4 Pa.
The stable film deposition was provided by the pulsed power supply APEL-M-12DU-
symmetric (Applied Electronics, Tomsk, Russia) operating at 50 kHz frequency and 4 kW
constant power. The power supply had a feedback system with an oxygen flow control
unit, which allowed the user to keep constant the discharge voltage. The argon gas rate
was also constant (40–50 sccm).
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Figure 1. Film deposition facility: 1—anode-layer ion source, 2—dual magnetrons, 3—shield,
4—rotating table, 5—drum with heaters, 6—anode substrates.

Three modes used for the YSZ electrolyte film deposition differ by the oxygen concen-
tration in the vacuum chamber and, consequently, the deposition rate. Figure 2 presents
the typical dependence between the rates of the oxide-film deposition and the oxygen
gas flow; each mode is indicated by letters A, B, and C [35]. At A point of the transition
mode observed near the metallic mode, the deposition rate is the highest (35–45 nm/min),
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whereas the oxygen concentration is the lowest. The latter is manifested in the low elec-
trolyte film transparency in the visible region (see Figure 2b). At B point observed at the
center of the transition mode, the deposition rate is 16–25 nm/min, and a slight oxygen
deficiency, which is proven by the high electrolyte film transparency. At C point of the
oxide mode, the deposition rate is the lowest (6 or 7 nm/min), its composition being close
to the stoichiometry.
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After the YSZ electrolyte film deposition, some of the substrates were subjected to
1200 ◦C annealing in air for 2 h in an oven (Nabertherm, Lilienthal, Germany). The ramp-up
rate was controlled at 3 ◦C/min and then the YSZ anode substrates were free-cooled in
the oven.

The residual stress σf in the YSZ electrolyte films is determined by the substrate
bending from Stoney’s formula [36]:

σ f =
Es·t2

s
6·(1 − νs)·Rs·t f

(1)

where Es is the elastic modulus of the substrate, viz., 210 GPa [37]; ts is the substrate
thickness; νs is the Poisson number of the substrate, viz., 0.3 [38]; Rs is the bend radius of
substrate; tf is the film thickness.

The bend radius in Stoney’s formula can be calculated from

Rs =
R1·R2

R1 − R2
(2)

where R1 is the bend radius of the uncoated substrate; R2 is the bend radius of the coated
or annealed substrate.

The bend radius of the YSZ anode substrate is calculated from R = (l/2)2/2h, where l
is the substrate length and h is the substrate height. A schematic of the residual bending
stress is illustrated in Figure 3.

Malzbender et al. [11] reported that the values of the residual bending stresses in the
electrolyte layer coincided with those determined by the X-ray diffraction (XRD) analysis.

High-resolution scanning electron microscopy (SEM) was carried out with a Supra
50VP microscope equipped with the INCA Energy+ microanalysis system (Zeiss, Oberkochen,
Germany) to investigate the microstructure of the deposited electrolyte film. The surface
morphology was investigated on a Quanta 200 3D dual beam system (FEI Company,
Hillsboro, OR, USA).

An MII-4 micro-interferometer (LOMO, Saint Petersburg, Russia) and cross-sectional
SEM images were used to measure the thickness of the electrolyte films.
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Figure 3. Schematic of residual bending stress.

The XRD analysis of the YSZ electrolyte film was conducted for the synchrotron ra-
diation (SR) beam of the VEPP-3 storage ring at the Siberian Synchrotron and Terahertz
Radiation Centre of the Budker Institute of Nuclear Physics SB RAS, Novosibirsk, Rus-
sia. During this analysis, the YSZ coated substrate was heated from 30 to 1300 ◦C at a
15 ◦C/min velocity. In operation, the SR wavelength was 0.172 nm. The 2θ diffraction
angle of X-ray radiation was recalculated to the angle at 0.1541 nm wavelength (Cu Kα

radiation) for comparing the obtained results with those measured by a commercial X-ray
diffraction apparatus.

The properties of SOFCs with the magnetron sputtered YSZ electrolyte were studied
on disk-shaped samples with a diameter of 20 mm cut by laser from 100 × 20 mm2 YSZ
coated anodes. The La0.6Sr0.4CoO3 cathode (Kceracell Co., Chungcheongnam-Do, Korea)
with a 10 × 10 mm2 active area was screen printed onto the YSZ electrolyte film and fired in
situ during the cell test start-up. Electrochemical investigations were performed at 800 ◦C,
supplying dry hydrogen to the anode and air to the cathode at constant rates of 120 and
350 mL/min, respectively. Ag mesh and Pt wires were used for the current collection from
the anode and cathode.

3. Results

Table 1 contains deposition process parameters and residual stress values for the YSZ
electrolyte film deposition. Films 1–3 are obtained at 0.4 Pa pressure at A, B, C points
indicated in Figure 2a. After the YSZ electrolyte film deposition, all half-cells warp toward
the electrolyte side, as shown in Figure 4. This proves the presence of residual compressive
stresses common to sputter-deposited oxide films [39]. In the electrolyte films fabricated in
the transition mode, i.e., with the oxygen deficiency, moderate stresses of 670–690 MPa are
detected. In the oxide mode, these stresses are significantly higher (1780 MPa).

Table 1. Deposition process parameters and residual stresses for YSZ electrolyte films.

YSZ Electrolyte
Films

Deposition
Modes

Pressure, Pa Deposition Rate,
nm/min

Film
Thickness, µm

Residual Stress, MPa

After
Deposition

After 1200 ◦C
Annealing

1 Oxide 0.4 6.1 4 1780 947
2 Transition 0.4 16 4 690 166
3 Transition 0.4 45 5 670 6631
4 Transition 0.2 25 6.1 455 6336
5 Transition 0.2 25 6.1 505 1764 1

6 Transition 0.2 35 4.7 930 371 1

1 A loading plate of 600 g is placed on each half-cell top during annealing.
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As presented in Figure 5, the YSZ electrolyte films obtained at B and C points (see
Figure 2a) do not change and remain transparent after 1200 ◦C annealing in air. As for point
A, the film obtained with the large oxygen deficiency becomes opaque after annealing. This
proves the light scattering on optical film defects. Since oxygen has a high solubility in
zirconium, it can be easily inserted into the oxygen-deficient phase of zirconia.
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After 1200 ◦C annealing in air, the residual stresses in the YSZ film fabricated in the
oxide mode (film 1) reduce by 2 times and equal 947 MPa. The residual stresses reduce to
166 MPa in the YSZ film with small oxygen deficiency (film 2). This is probably associated
with the diffusion of the interstitial atoms in the lattice sites, which reduces the lattice
distortion. Moreover, Quinn et al. [40] indicate other possible reasons for the decrease
in the residual stresses after annealing. First, the as-deposited film possesses a mixed
crystalline-amorphous structure, which crystallizes after annealing. Second, a change in
the crystallographic phase accounts for different crystal phases in the sputter-deposited
YSZ film [41]. Third, the sputtering gas is released from the YSZ film.

On the contrary, the residual stresses in the annealed YSZ film fabricated with a large
oxygen deficiency (film 3), increase by 10 times, up to 6631 MPa. This is probably because
interstitial O2 atoms strongly distort the crystal lattice during the annealing process.

The surface morphology and structure of the YSZ films after the different deposition
modes are investigated after 1200 ◦C annealing. SEM images of these films are presented in
Figure 6. According to Thornton model [42] describing the film structure depending on the
substrate temperature T and melting temperature Tm, the films obtained at T/Tm = 0.2–0.3
possess a columnar structure with voids along the grain boundaries inside the columns
and between them. This columnar structure is typical of all YSZ electrolyte films deposited
by magnetron sputtering [12,17,30]. In our early research [43], we however showed that
after high-temperature annealing, the columnar structure merges and becomes totally
indistinguishable due to the mass diffusion inside the YSZ films at the sintering stage.



Membranes 2022, 12, 346 7 of 14

Membranes 2022, 12, 346 7 of 15 
 

 

On the contrary, the residual stresses in the annealed YSZ film fabricated with a large 
oxygen deficiency (film 3), increase by 10 times, up to 6631 MPa. This is probably because 
interstitial O2 atoms strongly distort the crystal lattice during the annealing process. 

The surface morphology and structure of the YSZ films after the different deposition 
modes are investigated after 1200 °С annealing. SEM images of these films are presented 
in Figure 6. According to Thornton model [42] describing the film structure depending on 
the substrate temperature Т and melting temperature Тm, the films obtained at Т/Тm = 0.2–
0.3 possess a columnar structure with voids along the grain boundaries inside the columns 
and between them. This columnar structure is typical of all YSZ electrolyte films deposited 
by magnetron sputtering [12,17,30]. In our early research [43], we however showed that 
after high-temperature annealing, the columnar structure merges and becomes totally 
indistinguishable due to the mass diffusion inside the YSZ films at the sintering stage. 

 
 

Membranes 2022, 12, 346 8 of 15 
 

 

  

Figure 6. SEM images YSZ film surface and cross-section after 1200 °C annealing: (a,b)—film 1, 
(c,d)—film 2, (e,f)—film 3. 

As can be seen in Figure 6, the deposition mode strongly affects the film surface 
morphology and structure after its annealing. The film obtained in the oxide mode (Figure 
6а) has a grained surface comprising 2 µm rounded grains, which, in turn, consist of finer 
subgrains. The grains constituting the YSZ film are closely adjacent to each other. The 
cross-section in Figure 6b shows that the film annealing results in surface recrystallization, 
i.e., the columnar grains join to a denser structural formation. Nevertheless, one can see 
spherical and elongated closed pores resulting from recrystallization at the columnar 
grain boundaries. 

The surface of the YSZ film deposited at a small oxygen deficiency (Figure 6c) 
consists of polygonal grains with rounded edges, which are loosely adjacent to each other. 
The section in Figure 6d shows a lot of closed pores, which are larger than those observed 
in Figure 2b. 

The surface of the YSZ film deposited at a large oxygen deficiency (Figure 6e) is 
nonuniform and consists of rounded grains. The section in Figure 6f demonstrates two 
layers of different density. The bottom layer is dense, with closed pores. The structure of 
the upper layer is highly porous, with open channels and pores. The difference between 
these layers can probably be explained by the following. During the film deposition, an 
uncontrolled variation of the magnetron discharge parameters resulted in the shift (along 
the curve shown in Figure 2а) towards the region with the low oxygen flow rate, i.e., the 
YSZ film was deposited with the oxygen deficiency larger than it was anticipated. Despite 
this oxygen deficiency, the film annealing on substrate 3 did not result in its cracking that 
often occurred after the Zr film oxidation owing to great changes in the film volume [44]. 
Coddet et al. [18] found that the volume expansion during the zirconium-to-zirconia 
transition was 1.57.  

To identify the effect of the working pressure in the chamber on residual stresses, the 
YSZ electrolyte films 4 and 5 were obtained at 0.2 Pa pressure. In the transition mode at a 
deposition rate of 25 nm/min, the films demonstrated the lowest residual stresses of 455 
and 505 MPa, respectively for films 4 and 5. However, similar to film 3, the annealed film 
4 manifested 6336 MPa residual stress, resulting in strong bending of the substrate.  

In order to restrain the substrate bending, film 5 is annealed under the dead load. 
Such an approach is often used in sintering laminated ceramics [45,46]. For this, the coated 
substrate is placed between two 120 × 120 × 20 mm3 flat alumina plates (600 g) during 
sintering. As can be seen from Table 1, residual stress in film 5 is 1764 MPa, which is 3.5 
lower than for film 4 fabricated in the same conditions. 
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As can be seen in Figure 6, the deposition mode strongly affects the film surface mor-
phology and structure after its annealing. The film obtained in the oxide mode (Figure 6a)
has a grained surface comprising 2 µm rounded grains, which, in turn, consist of finer
subgrains. The grains constituting the YSZ film are closely adjacent to each other. The
cross-section in Figure 6b shows that the film annealing results in surface recrystalliza-
tion, i.e., the columnar grains join to a denser structural formation. Nevertheless, one can
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see spherical and elongated closed pores resulting from recrystallization at the columnar
grain boundaries.

The surface of the YSZ film deposited at a small oxygen deficiency (Figure 6c) consists
of polygonal grains with rounded edges, which are loosely adjacent to each other. The
section in Figure 6d shows a lot of closed pores, which are larger than those observed
in Figure 2b. The surface of the YSZ film deposited at a large oxygen deficiency (Figure 6e)
is nonuniform and consists of rounded grains. The section in Figure 6f demonstrates two
layers of different density. The bottom layer is dense, with closed pores. The structure of
the upper layer is highly porous, with open channels and pores. The difference between
these layers can probably be explained by the following. During the film deposition, an
uncontrolled variation of the magnetron discharge parameters resulted in the shift (along
the curve shown in Figure 2a) towards the region with the low oxygen flow rate, i.e.,
the YSZ film was deposited with the oxygen deficiency larger than it was anticipated.
Despite this oxygen deficiency, the film annealing on substrate 3 did not result in its
cracking that often occurred after the Zr film oxidation owing to great changes in the film
volume [44]. Coddet et al. [18] found that the volume expansion during the zirconium-to-
zirconia transition was 1.57.

To identify the effect of the working pressure in the chamber on residual stresses, the
YSZ electrolyte films 4 and 5 were obtained at 0.2 Pa pressure. In the transition mode at
a deposition rate of 25 nm/min, the films demonstrated the lowest residual stresses of
455 and 505 MPa, respectively for films 4 and 5. However, similar to film 3, the annealed
film 4 manifested 6336 MPa residual stress, resulting in strong bending of the substrate.

In order to restrain the substrate bending, film 5 is annealed under the dead load.
Such an approach is often used in sintering laminated ceramics [45,46]. For this, the coated
substrate is placed between two 120 × 120 × 20 mm3 flat alumina plates (600 g) during
sintering. As can be seen from Table 1, residual stress in film 5 is 1764 MPa, which is
3.5 lower than for film 4 fabricated in the same conditions.

Dead-load annealing was used for film 6 with the YSZ film deposited at a 35 nm/min
rate. The residual stress in the deposited film was 930 MPa, while after the dead-load
annealing it reduced to 371 MPa.

The SOFC evenness remaining after the YSZ film deposition is the important re-
quirement. It is also important to retain the gas impermeability for the electrolyte layer.
Therefore, we compare the volt-ampere characteristics of SOFCs fabricated from the YSZ
electrolyte films 1–6 subjected to annealing and given in Table 1 and Figure 7. The results
obtained at 800 ◦C are summarized in Table 2; hydrogen and air are fuel and oxidizing
medium, respectively.

Table 2. Parameters of SOFCs with thin film YSZ electrolyte at 800 ◦C.

SOFCs Open Circuit Voltage, mV Maximum Power Density, mW/cm2

1 1043 586
2 816 462
3 1083 896
4 1051 678
5 1082 1225
6 1057 1063

The open-circuit voltage (OCV) in SOFC with the gas-impermeable electrolyte usually
ranges from 1.08 to 1.1 V. Lower OCV values indicate cracks or through pores in the YSZ
electrolyte film, which lead to a direct contact between the fuel and oxidizer. According
to Table 2 and Figure 7, only SOFC 2 has a low OCV of 816 mV indicating insufficient
electrolyte density. This correlates with the YSZ film surface in Figure 6c, where one can see
loosely adjacent grains. SOFC 2 demonstrates the lowest power density of 462 mW/cm2

for the same reason. The open-circuit voltage of other fuel cells approaches its theoretical
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value and can be increased after deposition of the gadolinia-doped ceria barrier layer onto
the YSZ electrolyte film.
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SOFC 3 has the highest properties among SOFCs 1–3, the YSZ electrolyte for which is
obtained with different oxygen nonstoichiometry. Despite the two-layer structure of the
electrolyte with different densities of its layers, SOFC 3 has the highest OCV and power
density values of 1083 mV and 896 mW/cm2, respectively. This deposition mode is more
interesting from the practical viewpoint since it provides the highest deposition rate. The
dead-load annealing (SOFCs 5 and 6) allows increasing the cell power up to 1000 mW/cm2

and higher, the gas impermeability of the YSZ electrolyte film remains.
In Figure 8a,b, one can see the surface morphology of the YSZ film for SOFC 5 after

1200 ◦C dead-load annealing. The film surface is dense and after annealing, it is not
cracked. This surface consists of submicron triangular grains with faceted sharp edges. The
cross-sectional SEM image in Figure 8c shows the dense and uniform structure.

The XRD patterns of deposited YSZ electrolyte films during annealing were recorded
on the SR source. The high intensity and collimation of the synchrotron radiation allowed
for high-resolution studies.

Figure 9 shows in situ XRD patterns for film 2 obtained during annealing in air and
cooling to room temperature. The as-deposited YSZ electrolyte film displays the typical
diffraction pattern of cubic Y0.16Zr0.84O1.92 (ICDD PDF database file number 04-001-9395).
The diffraction peaks of 50.2, 59.6, and 62.6 degrees 2θ unambiguously assign the cubic
phase corresponding to (220), (311), and (222) planes, respectively. The XRD pattern of
tetragonal zirconia demonstrates peak splitting at around 60 degrees 2θ [47]. As compared
to the stress-free film, the shift in the peak position indicates that this film is under residual
compressive stress. During heating up to 1300 ◦C in air, the YSZ diffraction peaks gradually
shift to the left due to the thermal expansion of the crystal lattice. In these conditions, the
decrease in the peak intensity is explained by the drift of the SR beam during the process of
measurement. After heating up to 1300 ◦C, the monochromator is corrected, and the peak
intensity increases up to its initial value.
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In the film cooling, the diffraction peaks move smoothly back in their initial position.
The peak shift in X-ray diffraction of the YSZ film (film 2) before (black) and after (red)
1300 ◦C annealing in air is presented in Figure 10. After annealing and cooling to room
temperature, the peaks slightly shift toward larger angles due to a decrease in the lattice pa-
rameter caused by annealing. This indicates that the residual compressive stress amplitude
reduces in the film, which is held in agreement with the experimental data summarized in
Table 1. After annealing, the peak width decreases indicating the growth in the coherent
scattering region in the film, namely ~55–60 nm. After the thermal annealing, the (220) peak
intensity increases and the (311) peak intensity lowers. The peak intensity ratio (220)/(311)
after 1300 ◦C annealing grows from 0.92 to 1.02 and is about 1.62 for the unstressed state
according to 04-001-9395 ICDD PDF database file number.

To test practical implications, the YSZ electrolyte film 5 µm thick was deposited onto
100 × 100 mm2 700 µm thick anode substrates in the transition mode, at a
34 nm/min deposition rate. The obtained sample was placed between two flat alumina
plates 120 × 120 × 20 mm3 in size and 600 g weight and then annealed at 1200 ◦C in
air under the additional load of 2000 g. In Figure 11b, one can see that the fabricated
anode-supported half-cell remains flat; and in Figure 11a, it is strongly deformed af-
ter the formation of 5 µm thick YSZ electrolyte film in the oxide mode followed by the
stress-free annealing.



Membranes 2022, 12, 346 11 of 14Membranes 2022, 12, 346 11 of 15 
 

 

 
Figure 9. XRD patterns collected on the synchrotron beam line from YSZ film 2 after 1300 °C 
annealing in air and cooling to room temperature (8YSZ, PDF Card 04-001-9395 references are 
reported for comparison). 

In the film cooling, the diffraction peaks move smoothly back in their initial position. 
The peak shift in X-ray diffraction of the YSZ film (film 2) before (black) and after (red) 
1300 °С annealing in air is presented in Figure 10. After annealing and cooling to room 
temperature, the peaks slightly shift toward larger angles due to a decrease in the lattice 
parameter caused by annealing. This indicates that the residual compressive stress 
amplitude reduces in the film, which is held in agreement with the experimental data 
summarized in Table 1. After annealing, the peak width decreases indicating the growth 
in the coherent scattering region in the film, namely ~55–60 nm. After the thermal 
annealing, the (220) peak intensity increases and the (311) peak intensity lowers. The peak 
intensity ratio (220)/(311) after 1300 °C annealing grows from 0.92 to 1.02 and is about 1.62 
for the unstressed state according to 04-001-9395 ICDD PDF database file number. 

Figure 9. XRD patterns collected on the synchrotron beam line from YSZ film 2 after 1300 ◦C
annealing in air and cooling to room temperature (8YSZ, PDF Card 04-001-9395 references are
reported for comparison).

Membranes 2022, 12, 346 12 of 15 
 

 

 
Figure 10. Peak shift in X-ray diffraction of YSZ film (SOFC 2) before (black) and after (red) 1300 °С 
annealing in air. 

To test practical implications, the YSZ electrolyte film 5 µm thick was deposited onto 
100 × 100 mm2 700 µm thick anode substrates in the transition mode, at a 34 nm/min 
deposition rate. The obtained sample was placed between two flat alumina plates 120 × 
120 × 20 mm3 in size and 600 g weight and then annealed at 1200 °C in air under the 
additional load of 2000 g. In Figure 11b, one can see that the fabricated anode-supported 
half-cell remains flat; and in Figure 11а, it is strongly deformed after the formation of 5 
µm thick YSZ electrolyte film in the oxide mode followed by the stress-free annealing. 

 

 

Figure 10. Peak shift in X-ray diffraction of YSZ film (SOFC 2) before (black) and after (red) 1300 ◦C
annealing in air.



Membranes 2022, 12, 346 12 of 14

Membranes 2022, 12, 346 12 of 15 
 

 

 
Figure 10. Peak shift in X-ray diffraction of YSZ film (SOFC 2) before (black) and after (red) 1300 °С 
annealing in air. 

To test practical implications, the YSZ electrolyte film 5 µm thick was deposited onto 
100 × 100 mm2 700 µm thick anode substrates in the transition mode, at a 34 nm/min 
deposition rate. The obtained sample was placed between two flat alumina plates 120 × 
120 × 20 mm3 in size and 600 g weight and then annealed at 1200 °C in air under the 
additional load of 2000 g. In Figure 11b, one can see that the fabricated anode-supported 
half-cell remains flat; and in Figure 11а, it is strongly deformed after the formation of 5 
µm thick YSZ electrolyte film in the oxide mode followed by the stress-free annealing. 

 

 

Figure 11. Photographs of ASCs with YSZ electrolyte film deposition: (a) in oxide mode followed by
stress-free annealing; electrolyte on ASC underside, (b) in transition mode and annealed under load;
electrolyte on ASC top.

4. Conclusions

In this paper, we showed that during reactive magnetron sputtering, the YSZ film
deposition rate varied from 6 to 45 nm/min depending on the oxygen concentration in
the vacuum chamber. At the same time, the film structure ranged from dense to very
porous. Based on the results, it can be concluded that the residual stresses in the magnetron
sputtered YSZ electrolyte films were successfully controlled by the deposition mode and
annealing. At the same time, the annealing treatment provided the YSZ films with a dense
structure and improved their stoichiometry. The obtained results can offer technical feasi-
bility for residual stress control and compensation in the YSZ films. Residual compressive
stresses were found in as-deposited YSZ electrolyte films. The stresses depended on the
oxygen concentration in the films such that the lowest residual stresses were observed
in substoichiometric films, while the highest were in stoichiometric films. The thermal
annealing of the YSZ electrolyte films with small or without oxygen deficiency at 1200 ◦C
in air reduced the residual stresses by 2 or 3 times. On the contrary, the YSZ film annealing
with high oxygen deficiency resulted in multiple growths in the residual stresses. It was
shown that this problem could be eliminated by the dead-load annealing. Volt-ampere
characteristics of SOFCs with YSZ electrolyte films depended on their deposition and
annealing modes. These parameters allowed the maximum power density of SOFCs to
range within 0.58–1.2 W/cm2 at 800 ◦C. Thus, from the practical point of view, it was more
efficient to deposit the YSZ films in the transition mode, when the deposition rate is much
higher than that in the oxide mode. The resulting YSZ films acquired a cubic crystal lattice,
had low residual stresses, and had a gas-impermeable structure.
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28. Musil, J.; Baroch, P.; Vlček, J.; Nam, K.H.; Han, J.G. Reactive magnetron sputtering of thin films: Present status and trends. Thin
Solid Films 2005, 475, 208–218. [CrossRef]

29. Berg, S.; Nyberg, T.; Kubart, T. Modelling of Reactive Sputtering Processes. In Reactive Sputter Deposition; Depla, D., Mahieu, S.,
Eds.; Springer: Berlin/Heidelberg, Germany, 2008; pp. 131–152.

30. Spencer, A.G.; Howson, R.P. System Design for High Rate Deposition of Indium Oxide Solar Coatings. In Optical Materials
Technology for Energy Efficiency and Solar Energy Conversion VII, Proceedings of the SPIE, Hamburg, Germany, 19–23 September 1988;
International Society for Optics and Photonics: Bellingham, WA, USA, 1989; p. 1016. [CrossRef]

31. Okamoto, A.; Serikawa, T. Reactive sputtering characteristics of silicon in an Ar-N2 mixture. Thin Solid Films 1986, 137, 143–151.
[CrossRef]

32. Kelly, P.J.; West, G.; Kok, Y.N.; Bradley, J.W.; Swindells, I.; Clarke, G.C.B. A comparison of the characteristics of planar and
cylindrical magnetrons operating in pulsed DC and AC modes. Surf. Coat. Technol. 2007, 202, 952–956. [CrossRef]

33. Nyberg, T.; Berg, S.; Helmersson, U.; Hartig, K. Eliminating the hysteresis effect for reactive sputtering processes. Appl. Phys. Lett.
2005, 86, 164106. [CrossRef]

34. Coddet, P.; Pera, M.C.; Billard, A. Reactive co-sputter deposition of YSZ coatings using plasma emission monitoring. Surf. Coat.
Technol. 2011, 205, 3987–3991. [CrossRef]

35. Fernandes, S.L.; Albano, L.G.S.; Affonço, L.J.; Silva, J.H.D.; da Longo, E.; de Oliveira Graeff, C.F. Exploring the properties of
niobium oxide films for electron transport layers in perovskite solar cells. Front. Chem. 2019, 7, 50. [CrossRef] [PubMed]

36. Janssen, G.; Abdalla, M.M.; van Keulen, F.; Pujada, B.R.; van Venrooye, B. Celebrating the 100th anniversary of the Stoney
equation for film stress: Developments from polycrystalline steel strips to single crystal silicon wafers. Thin Solid Films 2009, 517,
1858–1867. [CrossRef]

37. Pihlatie, M.; Kaiser, A.; Mogensen, M. Mechanical properties of NiO/Ni–YSZ composites depending on temperature, porosity
and redox cycling. J. Eur. Ceram. Soc. 2009, 29, 1657–1664. [CrossRef]

38. Giraud, S.; Canel, J. Young’s modulus of some SOFCs materials as a function of temperature. J. Eur. Ceram. Soc. 2008, 28, 77–83.
[CrossRef]

39. Tang, C.J.; Jaing, C.C.; Lee, K.S.; Lee, C.C. Residual stress in Ta2O5-SiO2 composite thin-film rugate filters prepared by radio
frequency ion-beam sputtering. Appl. Opt. 2008, 47, 167–171. [CrossRef]

40. Quinn, D.J.; Wardle, B.; Spearing, S.M. Residual stress and microstructure of as-deposited and annealed, sputtered yttria-stabilized
zirconia thin films. J. Mater. Res. 2008, 23, 609–618. [CrossRef]

41. Götsch, T.; Wallisch, W.; Stöger-Pollach, M.; Klötzer, B.; Penner, S. From zirconia to yttria: Sampling the YSZ phase diagram using
sputter-deposited thin films. AIP Adv. 2016, 6, 025119. [CrossRef]

42. Thornton, J. High-rate thick- film growth. Annu. Rev. Mater. Sci. 1977, 7, 239–260. [CrossRef]
43. Sochugov, N.S.; Soloviev, A.A.; Shipilova, A.V.; Rabotkin, S.V.; Rotshtein, V.P.; Sigfusson, I.T. The effect of pulsed electron beam

pretreatment of magnetron sputtered ZrO2:Y2O3 films on the performance of IT-SOFC. Solid State Ion. 2013, 231, 11–17. [CrossRef]
44. Paz Alpuche, E.; Gröger, P.; Wang, X.; Kroyer, T.; Fasoulas, S. Influence of the sputtering technique and thermal annealing on YSZ

thin films for oxygen sensing applications. Coatings 2021, 11, 1165. [CrossRef]
45. Atkinson, A.; Selçuk, A. Residual stress and fracture of laminated ceramic membranes. Acta Mater. 1999, 47, 867–874. [CrossRef]
46. Jia, L.; Lu, Z.; Miao, J.; Liu, Z.; Li, G.; Su, W. Effects of pre-calcined YSZ powders at different temperatures on Ni–YSZ anodes for

SOFC. J. Alloys Compd. 2006, 414, 152–157. [CrossRef]
47. Kim, E.; Kim, H.; Bae, C.; Lee, D.; Moon, J.; Kim, J.; Shin, H. Formation of yttria-stabilized zirconia nanotubes by atomic layer

deposition toward efficient solid electrolytes. Nano Converg. 2017, 4, 31. [CrossRef]

http://doi.org/10.1016/0040-6090(89)90035-7
http://doi.org/10.1063/1.339560
http://doi.org/10.1016/j.tsf.2009.05.009
http://doi.org/10.1166/jnn.2014.10121
http://www.ncbi.nlm.nih.gov/pubmed/25971054
http://doi.org/10.1007/BF02430393
http://doi.org/10.1016/j.renene.2013.08.043
http://doi.org/10.1016/j.tsf.2004.07.041
http://doi.org/10.1117/12.949931
http://doi.org/10.1016/0040-6090(86)90202-6
http://doi.org/10.1016/j.surfcoat.2007.04.130
http://doi.org/10.1063/1.1906333
http://doi.org/10.1016/j.surfcoat.2011.02.024
http://doi.org/10.3389/fchem.2019.00050
http://www.ncbi.nlm.nih.gov/pubmed/30788340
http://doi.org/10.1016/j.tsf.2008.07.014
http://doi.org/10.1016/j.jeurceramsoc.2008.10.017
http://doi.org/10.1016/j.jeurceramsoc.2007.05.009
http://doi.org/10.1364/AO.47.00C167
http://doi.org/10.1557/JMR.2008.0077
http://doi.org/10.1063/1.4942818
http://doi.org/10.1146/annurev.ms.07.080177.001323
http://doi.org/10.1016/j.ssi.2012.11.001
http://doi.org/10.3390/coatings11101165
http://doi.org/10.1016/S1359-6454(98)00412-1
http://doi.org/10.1016/j.jallcom.2005.03.119
http://doi.org/10.1186/s40580-017-0127-9

	Introduction 
	Materials and Methods 
	Results 
	Conclusions 
	References

